Spinach grana appear to be injured by the same mechanism and by the same degree of dehydration and volume reduction that injures animal cells. Winter-hardened or artificially protected grana avoid injury by permitting a reversible influx of solute which forestalls excessive dehydration and shrinkage.
Although the mechanisms by which plants are able to withstand freezing remain undetermined, two generalizations have been made (8) . First, the appearance of intracellular ice is almost invariably lethal so that only when ice is extracellular can the insult be tolerated. Second, the development of freezing resistance is generally associated with a period of "hardening" during which any of a variety of sugars, proteins, or other compounds may be accumulated and presumably contribute to freezing resistance. Animal cells are also almost invariably destroyed by intracellular ice, but here the parallel appears to end since, with the exception of certain insects that accumulate glycerol and other polyols prior to overwintering, no analogy to hardening exists and compounds such as proteins and sugars in modest concentration do not generally protect animal cells against slow freezing injury.
Lovelock (9) has proposed that freezing injury results from the concentration of electrolytes and that the mechanism by which glycerol and allied compounds can protect animal cells against freezing is purely colligative. Introducing a compound that freely penetrates the cell membrane can reduce the proportion of ice formed at any given temperature and thereby reduce the concentration of salt. If sufficient penetrating solute is added, the concentration of salt can be held to less than the critical concentration. The criteria for a penetrating cryoprotectant are, therefore, merely that it must penetrate the cell membrane and be nontoxic in the high concentrations (2-4 M) necessary to reduce ice formation below some tolerated value.
In a modification and extension of Lovelock's original model, Meryman (11) has shown that injury from extracellular ice in animal cells results from the concentration not just of salts but of any extracellular, nonpenetrating solute. As solutes are concentrated by the freezing-out of extracellular water, cell water is lost and cell volume decreases. The calorimetric studies of Williams and Meryman (14) Chloroplasts were repeatedly and violently drawn into a hypodermic syringe which, in conjunction with the osmotic stress, ruptured the chloroplasts and released the grana. The grana were centrifuged for 10 min at 48,000g, and the pellet was resuspended in the test solutions. Solutions and grana were stored and handled at +4 C, except as noted, with observation and changing of solutions done at room temperature. Grana volume was measured as percentage volume in HM-42. Grana from nonhardy spinach were used throughout unless noted otherwise.
Granum survival was assayed by measuring proton uptake. As described by Jagendorf and Hind (7), grana, when illuminated, accumulate protons and produce a pH rise in the external medium that can be directly measured. For these pH measurements the pellet was resuspended in 50 ml of the solution to be tested. Five-milliliter aliquots of this were mixed with 5 ml of solution containing 20 mM NaCl, 0.5 mM MgCl2, and 0.08 mm phenazine methosulfate. Measurements were made with a recording pH meter with a combination calomel-glass pH electrode. The granum suspension was illuminated in a 500-w slide projector operating at reduced voltage producing approximately 800 ft-c.
Our experience with proton uptake was similar to that reported by Heber (3). Fresh grana in unbuffered salt or sugar responded to illumination by producing a rise of 0.2 to 0.4 pH unit in the external medium. Grana in the buffered HM-42 solution were able to induce only half of this change. Grana injured by freezing caused in some instances the decrease in pH shown by Heber, but usually produced a slight increase in pH of less than 0.01 unit. In cases where the presumed membrane injury is partial, the result has been expressed as percentage of control ApH.
The integrity of granum membranes was also assayed by measuring their osmotic properties. Isolated grana were suspended in solutions of graded concentration and centrifuged into pellets from which changes in average granum volume could be determined. When intact, granum pellets obey the law of Boyle-van't Hoff, V = nRT/1r + b, where V is the packed volume of grana, n the number of moles of osmotically active solute in the grana, 7r the osmotic potential of the solution, and b the osmotically inactive volume of the granum which will include both cell solids and osmotically inactive water, if any. When RT and b are constant, cell volume will vary as a linear function of 1/fr. Assuming no change in activity coefficient of the solute over the range of concentrations used, a departure from this linear relation implies the passage of solute n across the cell membrane.
For osmometric studies, a pellet was resuspended in 10 to 15 ml of HM-42. About 400-,ul aliquots of this were placed into each of six small polyethylene tubes. These were spun at 37,500g for 20 min. The height of the packed column of grana was measured with an ocular micrometer in a dissecting microscope.
The supernatant was then removed, and the pellet was resuspended in unbuffered NaCl test solutions of osmolalities from 29 to 2230 milliosmolal and again centrifuged for 20 min as described above. After resuspending and centrifuging twice, Effects of Salt Concentration versus Freezing. Grana frozen in salt solutions of from 100 to 300 milliosmolal concentration showed only a negligible loss of ability to accumulate protons after being frozen at -2 C (1075 milliosmolal) for 1 hr. At -3 C (1600 milliosmolal), proton uptake is reduced 60% after 1 hr and after freezing to -4 C (2150 milliosmolal), decay is rapid with complete loss of proton uptake in less than 10 min.
Grana suspended in elevated concentrations of sodium chloride comparable to those produced by freezing show an immediate reduction in the magnitude of proton uptake. The rate of decay in vitro of grana is also accelerated in high salt concentrations. Both the reduced initial values and the decay times are tabulated in Table I . It would appear, therefore, that the slight loss of proton uptake seen following freezing at -2 C could be attributed to the effects of salt concentration alone. However, with freezing to -4C, substantially more injury is seen than was produced by suspension at +4 C in a salt solution of equivalent concentration.
The osmometric behavior of grana in hypertonic salt is illustrated in Figure 1 . Since each sample was measured first in HM-42, resuspended twice in the test solutions, and centrifuged for 20 min each time, slightly over 1 hr elapsed during each experiment. Size is presented as percentage of the original size in HM-42. A least squares regression line has been calculated. The grana perform as good osmometers over an exceptional range of 40 to 2700 milliosmolal salt and fit the regression line well (r = 0.984, n = 30) with an intercept b on the ordinate of 21.3 i 1.12 (mean and SD).
Grana exposed to the very lowest concentration of NaCl, 29 milliosmolal, fall below the regression line. Heber (3) stated that grana may safely be suspended in distilled water, although he subsequently (4) reported that two rinses in distilled water uncoupled phosphorylation. In our early experiments, when grana were isolated in distilled water, we observed that they lost as much as half their volume relative to grana washed in HM-42, while the distilled water in which they were suspended reached 7 to 11 milliosmolal after each of three to four washings. Thus grana subjected to hypotonic stress can apparently leak solute to forestall further swelling without rupturing and without inactivation. Such grana retained the ability to accumulate protons. Nonetheless, in subsequent experiments grana were always maintained at osmotic potentials above 40 milliosmolal.
When grana that had been subjected to 10 min of hypertonic suspension in 2700 milliosmolal NaCl were tested for subsequent osmometric properties, they were found to retrace the regression line of Figure 1 , indicating that no influx of solute had occurred. However, prolonged exposure to higher concentrations did result in an increase in size, suggesting that the loss of proton uptake capacity seen in Table I might be associated with an influx of salt. Grana frozen to -5 C for 1 hr and thus also exposed to On the basis that the temperature reduction might be responsible for the additional injury seen with freezing as compared to salt concentration alone, grana were suspended in increasing concentrations of sodium chloride and lowered in temperature. These solutions did not freeze, and the solute concentration remained constant. As shown in Figure 2 , injury was seen to begin at salt concentrations in excess of about 900 milliosmolal, equivalent to -1.7 C, and to be complete at about 1500 milliosmolal, equivalent to the concentration produced at -2.8 C. At the onset of this "thermal shock," grana will have been compressed to 2668( of their volume in HM-42. Thermal shock was seen only following a temperature reduction from about 0 to -4 C for 10 min (supercooled), not from +20 to 0 C nor from 0 to -3 C. It appears, therefore, that grana, like red cells, demonstrate a thermal shock response when suspended in hypertonic salt and that this response is sufficient to account for the increased injury seen following freezing as compared to suspension in equivalent concentrations without temperature lowering.
Effects of Sorbitol on Freezing and Hypertonic Stress. Grana suspended in sorbitol solutions are uninjured by freezing to any temperature down to that of liquid nitrogen and can even be freeze-dried with only a 50', loss of proton uptake. When grana are suspended in hypertonic sorbitol, the proton uptake is initially depressed as in salt suspension, but, instead of continuing to diminish, it increases with time and eventually recovers.
When the osmometric properties of grana in sorbitol were investigated, the data reproduced in Figure 3 were obtained. The cells are seen to be initially smaller than they were in isosmotic NaCl (cf. Fig. 1 ). This volume difference develops within the time required to resuspend and spin the sample and remains unchanged an hour later. This is similar to erythrocyte behavior in sucrose (6) and has not been further investigated.
The grana are good osmometers between 30 and about 800 milliosmolal (r = 0.987, n = 30) and the intercept b of the regression line is 22.4 i 1.27 (mean and SD), essentially the same as for salt. The osmometric behavior of grana in sorbitol is therefore unchanged as compared to salt save in the amount of effective internal solute n. However, at sorbitol concentrations in excess of about 800 milliosmolal, the grana depart from the regres-sion line and increase in volume despite the continuing increase in osmolality of the suspending solutions. That this departure from ideal osmometric behavior is the result of sorbitol influx is confirmed by the fact that grana subsequently returned to lower osmolalities are seen to remain larger than they were before the hypertonic challenge. We conclude, therefore, that grana suspended in sorbitol will leak solute rather than continue to be reduced in volume beyond that created by an external osmotic potential of about 800 milliosmolal, when they have been compressed to about 30%0 of their volume in HM-42. Since grana that have leaked in response to hypertonic sorbitol stress show unimpaired proton accumulation as well as osmometric response, we can conclude that the leak is both reversible and physiologically tolerated. By forestalling volume reduction beyond that produced at 800 milliosmolal, the grana are also apparently immune to temperature reduction since no thermal shock could be produced at osmotic potentials as high as 2700 milliosmolal. Grana frozen in sorbitol at -5 C (2700 milliosmolal) for 1 hr were larger after thawing and are presumed to have leaked external solute.
To relate the apparent mechanism of artificial cryoprotection with sorbitol to the naturally acquired resistance of grana from winter-hardy spinach, hardy grana were subjected to the same series of procedures reported above for nonhardy cells. Hardy grana were frozen at -5 C in NaCl for 1 hr. At the end of this exposure they showed no loss of proton uptake but were larger in volume, suggesting a solute leak. Hardy grana suspended in increasing concentrations of salt behaved as ideal osmometers up to about 900 milliosmolal, beyond which no further volume decrease was seen. Grana had at this concentration been reduced to 25 %l of their volume in HM-42. On return to HM-42 the grana were larger and accumulated protons normally. Temperature lowering failed to produce thermal shock in hardy grana in NaCl at osmotic potentials above 1000 milliosmolal.
DISCUSSION
The data presented are compatible with the hypothesis that freezing injury results from a dehydration and reduction in cell volume beyond a tolerable minimum. When human red cells are subjected to hypertonic stress beyond this limit, either a progressive membrane damage develops or, alternatively, rapid injury can be produced by a temperature lowering. Grana suspended in hypertonic salt at osmotic potentials in excess of about 1000 milliosmolal show slow progressive loss of proton uptake. Thermal shock is also seen at these concentrations. Grana suspended in sorbitol show neither effect. We therefore propose that, in grana also, it is the removal of cell water and the associated reduction in volume that is responsible for membrane injury. This is supported by the observation that the capacity of sorbitol to protect against hypertonic stress, thermal shock, and freezing is associated with a leak of solute that forestalls volume reduction beyond a tolerable minimum of about 25 % granum volume in HM-42.
It is of particular interest to compare the relative dehydration of grana at minimum tolerable volume with values determined for animal cells. Uncertainties in the plasmolytic method for determining concentration have prevented us from obtaining a precise value for normal spinach cell osmolality, but it is probably between 8 and 10 atm, or about 350 milliosmolal. With this hypothetical starting point, it is necessary to remove about 65% of the osmotically active water to reach the tolerable limit of 1000 milliosmoles. Our measurements of human red cells (14) , which will tolerate freezing to nearly -3 C, the clam Venus mercenaria, which tolerates -6 C, and the hardy mussel Mytilus edulis, which tolerates -10 C, showed (13) that in each case the minimal tolerated temperature of freezing coincided with the loss of 64% of total tissue water.
Freezing protection has been shown to be conferred on grana by sorbitol or sucrose (1, 3) , a protein isolated from hardy spinach (4) and a fraction of commercial peptone prepared by the same fractionation procedure used for the hardy spinach extract (5) . We have also demonstrated protection of grana by polyvinylpyrrolidone K-30 and by hydroxyethyl starch. It is clear that a wide variety of compounds is capable of conferring on the granum the capacity to leak rather than to be excessively dehydrated. A similar variety of compounds has been reported to be associated with hardening in plants.
It is tempting to extrapolate our observations with grana to intact tissues. However, it remains to be determined whether the quantity of available extracellular solute can be correlated with the degree of freezing resistance seen in hardy plants or whether protective agents are also inducing a tolerance to the cell shrinkage which is otherwise damaging.
